Increasingly, host-associated microbiota are recognized to mediate pathogen establishment, providing new ecological perspectives on health and disease. Amphibian skin-associated microbiota interact with the fungal pathogen, Batrachochytrium dendrobatidis (Bd), but little is known about microbial turnover during host development and associations with host immune function. We surveyed skin microbiota of Colorado's endangered boreal toads (Anaxyrus boreas), sampling 181 toads across four life stages (tadpoles, metamorphs, subadults and adults). Our goals were to (1) understand variation in microbial community structure among individuals and sites, (2) characterize shifts in communities during development and (3) examine the prevalence and abundance of known Bd-inhibitory bacteria. We used high-throughput 16S and 18S rRNA gene sequencing (Illumina MiSeq) to characterize bacteria and microeukaryotes, respectively. Life stage had the largest effect on the toad skin microbial community, and site and Bd presence also contributed. Proteobacteria dominated tadpole microbial communities, but were later replaced by Actinobacteria. Microeukaryotes on tadpoles were dominated by the classes Alveolata and Stramenopiles, while fungal groups replaced these groups after metamorphosis. Using a novel database of Bd-inhibitory bacteria, we found fewer Bd-inhibitory bacteria in post-metamorphic stages correlated with increased skin fungi, suggesting that bacteria have a strong role in early developmental stages and reduce skinassociated fungi.
Introduction
Throughout their life cycle, amphibians are exposed to diverse pathogenic threats including bacteria, viruses, fungi, protozoans and helminths. Amphibians defend themselves with innate and adaptive immune systems, behavioral strategies, and symbiotic cutaneous and internal microbial communities . The function of the community of cutaneous microbiota in the health of larval amphibians is unknown. For some amphibian species, the microbial environment is manipulated before they emerge from the egg. Evidence of transmission of antifungal bacteria from adult to egg has been observed for the glass frog Hyalinobatrachium colymbiphyllum (Walke et al., 2011) and the salamanders Plethodon cinereus and Hemidactylium scutatum (Brucker et al., 2008; Banning et al., 2008) . These examples suggest that the assembly of microbial symbionts in early life stages may have adaptive significance for adult host health. The role of symbiotic microbes in defending against pathogens affecting amphibians is an area of intense interest (Harris et al., 2009; Woodhams et al., 2015) , although studies to date have primarily focused on post-metamorphic amphibians. The process of symbiont community assembly through host development for both pre-and post-metamorphosis has not been explored and is the aim of the current study.
When and how the symbiotic microbes perform key defensive functions during the different life stages of amphibians is important for understanding the larger role of the microbes in amphibian health. In vertebrate hosts, microbial symbionts play vital roles in educating the innate and acquired immune systems (Iwasaki and Ruslan, 2010; Hooper et al., 2012) , and defend the host directly against pathogens prior to the development of a fully functional immune system (Rautava et al., 2012) . For amphibians with biphasic life history strategies, the immune system is restructured during metamorphosis. Larval amphibians (for example, tadpoles) have innate immune cells in the form of lymphocytes, which decline during metamorphosis and then reestablish postmetamorphosis (Rollins-Smith, 1998) . Many immune cells begin forming in organs absent in tadpoles, such as the kidney and bone marrow (Rollins-Smith, 1998) . The adaptive immune functions increase significantly after metamorphosis, including MHC class 1 and 2 antigen recognition domains (Rollins-Smith, 1998) . Consequently, skin-associated microbial communities and the innate immune system may serve as the primary lines of defense against pathogens for larval amphibians before the adaptive immune system is fully functional. The mechanisms underlying how host species select and maintain bacterial communities on the skin are not yet fully understood (Walke et al., 2014) , but host immune systems mediate microbial interactions in many ways (Tennessen et al., 2009) . In amphibians, mucus glands produce secretions that act as a physical protective barrier and substrate for resident microbiota (Rollins-Smith et al., 2009; Woodhams et al., 2014) . Driven by the innate immune system in early life stages, defensive glands in the skin produce antimicrobial peptides, alkaloids and lysozymes, which limit the growth of some bacterial taxa and promote growth of others . Post metamorphosis, amphibians reorganize the adaptive immune system, which can mount the production of B and T lymphocytes and antigen-specific antibodies that can distinguish beneficial microbiota and self from nonself (Rollins-Smith, 1998) . To determine which, if any role skin microbial communities play in these transitions in the immune system during development, we must sample these communities across developmental stages.
Of particular interest for amphibian conservation is whether skin microbial communities can protect the host through antibiosis of Batrachochytrium dendrobatidis (Bd), the causal agent of the disease chytridiomycosis. Chytridiomycosis is a leading cause of amphibian declines worldwide (Kilpatrick et al., 2010; Bletz et al., 2013) . We therefore investigated the skin-associated microbial communities of boreal toads (Anaxyrus boreas; previously Bufo boreas), a Bd susceptible species. The boreal toad inhabits much of the Western United States and Canada, ranging from Baja California to southeastern Alaska (Muths and Guyer, 2003) . Boreal toads are long-lived amphibians, with lifespans up to 12 years (Olson, 1992) . Larval aquatic tadpole stages metamorphose within one season, and post-metamorphic subadults can take up to 4 years to become sexually mature adults (Scherff-Norris, 1997) . A. boreas has suffered severe population declines in portions of its southeastern range, and has been placed under protective legislation dictated by its conservation status. This status includes 'endangered' in Colorado and New Mexico (Goettl, 1997) . The primary driver of A. boreas decline in Colorado is chytridiomycosis caused by Bd (Muths and Guyer, 2003; Scherer et al., 2005) . Intriguingly, populations of A. boreas differ in their response to Bd infection. Hypotheses for the basis for these differences include host genetic factors, variable pathogenicity of unique Bd strains, secondary or tertiary stressors, toad densities, as well as environmental conditions such as minimum daily air temperature, snow depth and access to refugia (Scherer et al., 2008; Murphy et al., 2009; Savage and Zamudio, 2011) . Bacterial communities of the amphibian skin might provide a complementary or alternative explanation for the observed differences in susceptibility to Bd.
We Supplementary Figures 1  and 2 ). Permits and authorization were granted by Colorado Parks and Wildlife and the University of Colorado Institutional Animal Care and Use Committees IACUC. We surveyed high-elevation (2200-3400 m) wetlands on both the eastern and western slope (including Larimer, Clear Creek, Grand, Chaffee, Gunnison and Mesa counties) for A. boreas populations. The study design captured geographic variation and distinct life history traits through metamorphosis and development (tadpole, metamorph, sub-adult and adult). Amphibians sampled at each site were all collected on the same day, except for sample-sites Panhandle and Hendersen/Urad, which required additional sampling due to low capture rates. Sampling location and sample size of each amphibian and life history stage are given in Supplementary Table 1. Microbial swab samples were collected, DNA extracted, and processed as in Kueneman et al., 2014. (Supplementary Material) . Samples were tested for Bd, following standard protocols (Supplementary Material).
Analysis methods
Methods explaining variation in toad skin microbiomes. To address our first question, regarding factors that explain variation in microbial community structure of toads, we evaluated four factors (sex, life stage, site and Bd presence or absence at a site) that we thought might affect the structure of toad bacterial communities. First, we performed a single-factor ANOSIM for each of the four factors as a predictor of boreal toad skin bacterial community similarity. Sex was the only factor that was not a significant predictor, and thus was not considered further in these analyses. Next, we performed a three-factor crossed PERMANOVA with host species, Bd presence or absence, and sample site as factors. In this analysis, site was nested within Bd presence or absence, because the two terms are not independent. This PERMANOVA included bacterial sequences from the skin of 168 individuals, removing 13 individuals from the total data set because they did not meet our criteria of greater than one individual of particular life stage at a given site, and/or the site had unknown Bd presence or absence (N = 2 sites). Sampling locations of boreal toads in Colorado are provided in a map (Supplementary Figure S2 ).
Developmental transitions in taxa and alpha diversity
To examine the effects of developmental life stage on the skin-associated microbial communities, we used a subset of the data that includes toad individuals from different life stages collected from a single site (Trout Creek). All four life stages were only found at the same location and time point for this endangered species at Trout Creek. For bacterial samples, n = 8 tadpoles, n = 8 metamorphs, n = 8 subadults and n = 10 adults. For microeukaryotes, n = 5 tadpoles, n = 4 metamorphs, n = 5 subadults and n = 5 adults. We compared bacteria and microeukaryotes 16S and 18S sequences from trout creek (Figures 1a and b, 2a and b, 3a and b) . The Shannon diversity metric (log base 2) was calculated for both data sets in QIIME. Samples were analyzed for microeukayotes and bacteria. Quantitative PCR of bacteria and fungal DNA equivalents were obtained following Emerson et al., 2015 . Co-occurrence network analyses preformed on microeukaryotes and bacteria sequences were obtained within samples (N = 19).
Co-occurence networks
Co-occurrence networks examine interactions between members of a community (Faust and Raes, 2012; Berry and Widder, 2014) . Co-occurrence networks can reveal ecologically important correlations in data by testing each pair-wise interaction between features (OTUs) in a data set. Those feature-feature pairs ('edges' of the network) that are deemed to be significantly co-occurring using Monte Carlo are included in the resulting network. Possible ecological reasons for associations among community members include mutualism, shared environmental preference, biochemical similarity and so on. Here, we tested for correlation between eukaryotic and bacterial OTUs at Trout Creek using the co-occurrence detection tool SparCC (Friedman and Alm, 2012) . This analysis included 19 toad individuals from Trout Creek for which we had successful sequencing yields for both 16S and 18S: n = 5 tadpoles, n = 4 metamorphs, n = 5 subadults and n = 5 adults. Briefly, we created a single OTU table that included the most prevalent eukaryotic and bacterial OTUs by removing OTUs from both data sets found in 50% or less of samples. We used the default SparCC parameters, with 500 bootstraps, and assigned an edge as significant at a P-value of 0.002 (1 bootstrapped correlation as or more extreme than observed correlation value). Our P-value threshold was lower than suggested by SparCC, because our internal testing has suggested that 0.05 is a very permissive threshold that results in large number of false positives. The resulting network had 721 edges, with 210 distinct OTUs (average connectivity = 6.86, max = 31, min = 1) 30 of which were eukaryotic. We imported the edge table into Cytoscape 3.0 (Smoot et al., 2011) and performed a springembedded force directed layout with weighting by correlation value. Edges were bundled with default bundling parameters in Cytoscape to improve readability.
Supervised learning and differential abundance testing
Supervised learning is a machine learning technique that uses subsets of the samples to build predictive models about sample class membership. We used the Random Forests algorithm supervised learning algorithm to identify taxa that correlated with physiological, developmental and environmental variables. Analysis was conducted using the QIIME script supervised_learning.py with 1000 trees per forest, and 5-or 10-fold cross validation as appropriate for the given sample class sizes. Because random forests select features from the input set stochastically, it will perform poorly if many low abundance and uninformative features are present. Thus, prior to supervised learning, features (OTUs and taxonomically summarized OTUs) found in 10% of samples or less were removed. Differential abundance testing was performed with the QIIME script group_significance.py. In brief, features (OTUs) were compared for significantly different abundance between samples grouped in a variety of ways (for example, by sex, life stage, location and so on) with a Kruskal-Wallis test. P-values were corrected by the FDR method of Benjamini and Hochberg (1995) . P-values o0.05 after correction were classified as significantly different. Prior to differential abundance testing, features were also removed as described for supervised learning.
Bd-inhibitory Bacteria 'OTU' Database and Bd scores
We utilized a concurrently developed database of cultured Bd-inhibitory bacteria (referred to here as the 'inhibitory database'), containing 1255 16S rRNA gene sequences isolated from amphibian skin (Woodhams et al., 2015) . Many studies have tested these isolates for bioactivity against fungal pathogens including Bd, Mariannaea elegans and Rhizomucor variabilis in coculture challenge assays, summarized by Woodhams et al (2015) . From this database, we generated OTU lists by clustering sequences at 97% similarity using the Greengenes August 2013 reference. The sequence matching algorithm used to find matches from our toad data set with the 'inhibitory database' could potentially be influenced by which method is used, ranging from strict matches to predicted phylogenetically similar matches. For this reason, we analyzed four different filter algorithms as follows: (1) exact match, included inhibitory OTUs based on the full Sanger sequences (mean 1074.8 bp) of isolates that inhibited Bd growth (819 isolates clustering to 291 OTUs including 192 exclusively inhibitory OTUs); (2) trimmed exact match, included inhibitory OTUs based on sequences trimmed to the first 100-bp beyond primer 515f (5ʹ-GTGCCAGCMGCCGCGGTAA-3ʹ) to match the Illumina reads (819 isolates clustering to 327 OTUs); (3) expected inhibitory OTUs expanded to include neighboring OTUs within 0.1 Jukes-Cantor distance on the Greengenes phylogenetic tree (7266 OTUs); (4) exclusively inhibitory OTUs (isolates within an OTU are all capable of significantly inhibiting Bd growth) expanded to include neighboring OTUs (6684 OTUs). This differs from the expected inhibitory OTUs and is more conservative because all tested isolates within an OTU must demonstrate antifungal function, rather than just some of the tested isolates within the OTU.
The use of expected inhibitory and exclusively inhibitory allows us to include closely related taxa that we hypothesize may also share antibiosis mechanisms with taxa known to inhibit fungi in culture. When inhibitory OTUs are mapped on the tree they cluster, suggesting they share these abilities; however, we do not have all possible OTUs from amphibians tested in culture. This approach can augment the culture database, for example, by inclusion of an OTU that falls closely between two OTUs with known antifungal ability.
We then filtered our bacterial OTU table in this boreal toad study to retain only the Bd-inhibitory OTUs found on these lists. We compared the relative abundance of Bd-inhibitory reads (out of 9 625 701 total Illumina sequencing reads) among the boreal Figure 3 Analysis of co-occurring bacterial and fungal OTUs found on boreal toads at one site. This analysis included 19 toad individuals from Trout Creek for which we had successful sequencing yields for both 16S and 18S: n = 5 tadpoles, n = 4 metamorphs, n = 5 subadults and n = 5 adults. (a) Network analysis depicting only significantly co-occurring bacterial and fungal OTUs. All square nodes represent OTUs (either bacteria or fungi) with significant co-occurrence with another OTU in the network. Red lines indicate negative co-occurrences between two OTUs. Turquoise lines indicate positive co-occurrences between two OTUs. Yellow = Betaproteobacteria, purple = Actinobacteria, blue = Fungi, white = other bacterial OTUs. Bacteria are represented by taxa that were observed to be more abundant on tadpoles (Betaproteobacteria) or on adult stages (Actinobacteria, see Figure 1a ). (b) Heatmap depicting the number of negatively co-occurring OTUs between bacterial and fungal taxa. (All positively correlated interactions are excluded from the heatmap, but are available in Supplementary Data via DRYAD). The numbers indicate the frequency of negative co-occurrences between bacterial and fungal groups calculated as the sum of negative OTU co-occurrences per bacterial order and fungal class, which are also depicted as red lines in a.
toad samples including 80 adults, 32 juveniles, 47 metamorphs, 22 tadpoles and 15 lake-water samples from 7 sites, and 4 lake-sediment samples from 2 sites. These estimates of relative abundance of Bdinhibitory bacteria were compared among categories by Kruskal-Wallis tests.
Results
Sequencing results yielded 1972 unique bacterial OTUs and 500 unique microeukayotic OTUs. Boreal toad bacterial skin communities were predominately comprised of phyla Proteobacteria, Actinobacteria, Bacteroidetes, Acidobacteria and Verrucomicrobia. Bacteria found on 490% of all subadult and adult samples consisted of many genera and included Pseudomonas, Janthinobacterium, Sphingomonos and Cellulosimicrobium. Cellulosimicrobium had the highest proportional abundance on adult toads. OTUs belonging to families Comamonadaceae, Pseudomonadaceae, Sphingomonadaceae, Promicromonosporaceae and Syntrophobacteraceae were found on all premetamorphic toads. Boreal toad eukaryotic communities were predominately comprised of classes of Fungi, Alveolata and Stramenopiles. No microeukaryotic OTUs were found across all life stages, however certain fungal groups (Dothideomycetes, Sordariomycetes and Entomophthoraceae) were found on all subadult and adult toads.
Variation in toad skin microbiota
We find that life stage, site and Bd presence or absence were all factors that explained a significant amount of variation in skin bacterial communities. To evaluate the factors that best explain the variation of toad skin communities we performed a PERMA-NOVA with life stage and Bd presence or absence as fixed effects and site as a random effect nested within Bd presence or absence (summary statistics can be found in Supplementary Table S2 ). Bacterial taxa that differed significantly by life stages, and Bd presence or absence can be found in Supplementary Material (on DRYAD). Life stage (P = 0.001, Figure 4 ) and Site, (P = 0.001) described the greatest amount of variation.
Developmental transitions in taxa and alpha diversity Differences in proportional abundance of bacteria by life stage were driven by the replacement of one dominant taxon by another. Through development, tadpole skin-communities dominated by Betaproteobacteria are replaced by Actinobacteria dominated communities in adults. The proportional abundance of Betaproteobacteria in tadpoles is 62.4 percent compared with 10.9 percent in adults. The proportional abundance of Actinobacteria in tadpoles is 5.2 percent compared with 57.3 percent in adults. Other phyla, including Bacteroidetes, Acidobacteria and Verrucomicrobia, remained relatively constant across developmental life stages (Figure 1a ). Within our bacterial data set, there are overall significant differences in alpha diversity (Shannon index, richness and phylogenetic diversity) between tadpoles and all other life stages as well as between metamorphs and juveniles and adults, with Shannon index, N = 181, ANOVA: F 3,177 = 13.79, Po0.0001). Tadpoles held the lowest average diversity, followed by a spike in bacterial diversity on metamorphs that declined to adulthood. We found the same pattern within Trout Creek (Shannon diversity index, P = 0.0694, Figure 2a ). Quantitative PCR of bacterial DNA revealed tadpoles and metamorphs have reduced abundance of bacteria compared with juveniles and adults (Supplementary Figure S4) .
For microeukaryotes sequenced from the boreal toads, the skin community of tadpoles initially dominated by the classes Alveolata and Stramenopiles becomes dominated by fungi. Fungi represent 3.3 percent proportional abundance in tadpoles compared with 52.1-57.0 percent of relative abundance in subdults and adults (Figure 1b) . Higher taxonomic resolution of microeukaryotes shown across life stages can be seen in Supplementary  Figure 5 . We found 14 unique fungal OTUs on tadpoles, indicating that fungal taxa are present on tadpoles in low abundance and low richness. Alpha diversity of microeukaryotes was lowest in tadpoles and increases after metamorphosis. Significant differences among tadpoles, metamorphs, juveniles, and adults were observed (Shannon diversity index, ANOVA: F 3,23.6 = 15.17, Po0.0001; Figure 2 ). No Bd was detected at this historically Bd-free site, however the identical protocol has been used to detect Bd in other data sets. Quantitative PCR of fungal DNA revealed significant differences (Kruskal-Wallis test, P = 0.00526) in abundance of fungi by life stage. Again, tadpoles and metamorphs have a reduced abundance of fungi compared with juveniles and adults.
Co-occurrence networks
The co-occurrence network of bacteria and eukaryotes found on Trout Creek toads revealed a large number of significant interactions. The co-occurrence network consists predominately of bacterial OTUs and bacteria-bacteria edges (16S-16S edges: N = 501, 16S-18S: N = 177, 18S-18S: N = 43). Four major clusters are evident in the network (Figure 3a) , with high intercluster coexclusion and intracluster cooccurrence. The network's large-scale patterns show fungal taxa mainly co-occurring with other fungal taxa (and some with Actinobacteria), and OTUs from the phylum Betaproteobacteria having significant interactions widely distributed throughout the entire network. Our data give greater awareness of interactions within communities, across life stages (for example, Proteobacteria interactions in tadpoles, as well as fungal-fungal interactions in post metamorphs (Figures 3a and b) ).
Detection of pathogen Bd (quantitative PCR)
Sixteen individuals of 33 (48.5%) from six Bd-positive sites tested positive for the pathogen Bd. These included 13 adults, 1 subadult and 2 Figure 5 Bd-inhibitory OTUs found on boreal toads and in environmental samples. (a) Mean percent of bacterial sequencing reads with Bd-inhibitory function, from boreal toad life-stages or environmental samples (across all sites, sample sizes in parentheses). Bd-inhibitory function was determined by matching OTUs to the database described in the methods and Woodhams et al., 2015 . Four different bioinformatic algorithms were used to identify Bd-inhibitory OTUs as described in the methods section: exact match sequences, trimmed exact matches, exclusively inhibitory matches, and expected inhibitory matches. All four methods showed similar patterns and significant differences among sample type (Kruskal-Wallis tests, P'so0.01) with tadpoles, and to a lesser extent metamorphs, having a significantly higher percentage of their skin bacteria comprised of Bd-inhibitory OTUs. (b) A heatmap showing the 14 bacterial taxa that contain the 'exclusively Bd-inhibitory matches' (479 OTUs, shown in aqua in Figure 5a ) and how they are distributed across boreal toad lifestages and environmental samples. The lifestage and environmental sample x axis labels apply to both a and b.
metamorphic toads. Individual infection intensities ranged from 2 DNA copies to 4840 DNA copies, with a mean Bd intensity of 583 DNA copies. Using Spearman correlation, we did not find any bacterial OTUs that correlated with infection intensity.
Bd-inhibitory bacterial OTUs
After OTU filtering using the Bd-inhibitory bacterial OTUs database (Woodhams et al., 2015) , we found 35 OTUs with exact matches and 85 OTUs with trimmed exact matches within the boreal toad data set, 495 expected inhibitory OTUs, and 479 exclusively inhibitory OTUs using the expanded phylogenetic estimation. We find a significant difference in the proportion of known inhibitory sequences by life stage, and the same pattern for all inhibitory data sets by Kruskal-Wallis test: exact match Po0.001, trimmed exact match Po0.001, expected inhibitory P = 0.005, and exclusively inhibitory P = 0.006, (Figure 5a ). Tadpoles hosted significantly more inhibitory OTUs than other life stages or environmental samples (Figure 5a ). The differential abundance of inhibitory taxa across life stages is most pronounced using the trimmed exact-match approach. When we refined this analysis to compare infected adult individuals (N = 16) with uninfected adults (N = 73) from 17 different sites, we observed a marginally significantly higher percentage of the microbiome included inhibitory OTUs on the uninfected adults, as determined by Mann-Whitney U tests. This was the case when we used either the exclusive matches to the inhibitory database (P = 0.045; uninfected adults had an average of 32.1% of the sequences matching Bd-inhibitors, while infected adults had 23.6%) or the expected matches (P = 0.051; uninfected adults had an average of 32.9% Bd inhibitors, whereas infected adults had 24.3%). Within Colorado, Chaffee County is the only remaining region with abundant and historical numbers of boreal toads. When we analyze this unique region compared with all other Colorado samples, we find that Chaffee County toads have a significantly higher abundance of expected and exclusively Bd-inhibitory bacterial OTUs; expected t = − 3.12, df = 78, P = 0.003; exclusive: t = − 3.04, df = 78, P = 0.003.
Discussion
Our knowledge of amphibian skin microbiomes is rapidly increasing (Jani and Briggs, 2014; Kueneman et al., 2014; Walke et al., 2014) . Exploring skin bacterial communities across different amphibian developmental stages and the defensive functions those microbes play, particularly prior to the development of the adaptive immune function, is an important and understudied area. Molecular methods for investigating microeukaryotes are just emerging, allowing us to further consider the role of nonbacterial microbes on the skin. In addition, there are few next-generation microbial data sets that compare Bd-positive and Bd-negative sites (Jani and Briggs, 2014) . Within this study we begin to fill these knowledge gaps including describing A. boreas skin communities across developmental stages from Bd-positive and -negative sites across the host range in Colorado; surveying microeukaryotes from amphibians utilizing high throughput sequencing; and providing the first application of a cultureindependent database of known and expected Bd-inhibitory isolates. Our data suggest that host development is the central driver of A. boreas skin communities, and that both positive and negative interactions amongst and between the bacterial and microeukaryotic taxa are occurring on the amphibian skin. In particular, tadpole skin communities appear to be restrictive in their community types, harboring an abundance of known Bd-inhibitory bacteria.
Factors explaining variation in the boreal toad skin microbiome Developmental life stage, site (wetland site of collection), and Bd presence or absence at a site were all significant predictors of skin microbial communities. However, developmental life stage has an effect size that is twice as large as site and three and a half times as large as Bd presence, suggesting that life stage was the most important factor structuring microbial communities on boreal toads (Supplementary Table S2 ). Discussion of OTUs that significantly differentiate infected vs uninfected sites is found in Supplementary Material. Intriguingly, microbial communities belonging to the one remaining Colorado County with persisting Boreal toad populations was shown to have a unique microbial signature (Supplementary Material).
Skin bacterial and microeukaryote diversity across boreal toad developmental stages The skin-associated microbial communities vary significantly across boreal toad developmental stages (Figures 1a and b, 4) . First, we will summarize the patterns in skin bacteria, by life stage and below we will discuss the microeukaryotes. Bacteria on tadpoles were dominated by Proteobacteria. The taxonomic group Proteobacteria is almost entirely comprised of one OTU from the family Comomonadaceae, which is not further identified and represents a very diverse group of bacteria with known Bd-inhibitory members. Curvibacter, a member of Comamonadaceae, was also found to be the most dominant member of larval stages in Tiger salamanders (Ambystoma tigrinum), Western chorus frogs (Pseudacris triseriata), and Northern leopard frogs (Lithobates pipiens) in Colorado (McKenzie et al., 2011) . Compared to other life stages, tadpoles of A. boreas had the lowest alpha diversity scores for both bacteria and microeukaryotes (Figures 2a and  b) . The pattern of alpha diversity by life stage suggests that microbial colonization at the tadpole stage is restricted and that the community undergoes a restructuring after metamorphosis. Evidence supporting reduced and bacterially restrictive communities was also found for tadpoles of frog species Rana cascadae (Kueneman et al., 2014) . Tadpoles of R. cascadae had microbial communities with lower alpha diversity than the lake water they inhabited, suggesting that tadpoles of some species maintain restrictive bacterial communities compared to other developmental stages.
We observed the highest levels of bacterial species richness and evenness on samples collected just after metamorphosis (Figure 2a) . Intriguingly, quantitative PCR of bacteria shows that bacterial DNA abundance is lowest in metamorphs, revealing that high diversity is coupled with low abundance of bacteria in metamorphs. Bacterial abundance is also low in tadpoles and is significantly higher in subadults and adults (Supplementary Figure S4) . Undoubtedly during metamorphosis, organ transformation and the restructuring of the immune system is an energetically costly process; one hypothesis is that regulation of skin microbial communities during the disturbance of metamorphosis is energetically challenging. These factors, coupled with skin shedding during metamorphosis, may allow for an open niche, explaining the observed jump in alpha diversity in metamorphs.
Skin bacterial communities of A. boreas subadults and adults do not significantly differ from one another and are almost entirely comprised of unidentified species of the phylum Actinobacteria, genus Cellulousmicrobium, which are Gram-positive non-motile, rod-shaped or coccoid, bacterial strains. Described species have been isolated from soil (Yoon et al., 2007) .
Microeukaryotes are substantially more diverse in subadults and adults compared with tadpoles and metamorphs. The increase in the diversity of microeukaryotes is marked by a transition to a fungi-dominated community (Figures 1b and 2b ). It appears that fungi preferentially colonize the skin of post-metamorphic amphibians, suggesting that bacterial communities of tadpoles are able to restrict colonization of fungi. Some fungi of amphibians are known to infect keratinized skin of postmetamorphic amphibians, however, this work demonstrates that other fungi can establish in the skin community of larval tadpoles which typically do not have keratinized skin. Quantitative measurement of fungal DNA across taxa reveal that fungal DNA is low but present in tadpoles and metamorphs and significantly increased in subadults and adults (Supplementary Figure S4) . It remains unknown whether native fungal diversity may help to exclude invasive fungal pathogens and help explain why adults often survive epidemics, which disproportionately kill metamorphs and juveniles. In our analysis of co-occurrence, we did not find any fungi that negatively co-occur with one another.
Bacterial and fungal interaction in the boreal toad skin microbiome Using co-occurrence network analysis on four life stages from Trout Creek, we detect many significant negative and positive correlations between fungal OTUs and bacteria and fungal OTUs (Figure 3a) . However, as co-occurrence data are correlational in nature, coculturing or in vitro studies are necessary to confirm significant interactions. Co-occurrence analyses can suggest important relationships between taxa that might be owing to a variety of ecological interactions between taxa. From this network analysis, we observe that 58 out of 116 (50%) of the negative co-occurrence interactions between bacteria and fungi occurred with bacterial OTUs belonging to the Burkholderiales (primarily in the family Comamonadaceae). Furthermore, the Burkholderiales OTUs negatively co-occurred with all nine of the major fungal taxa examined here (Figure 3b ). The Pseudomonadales OTUs with significant negative co-occurrences are also noticeable with several OTUs negatively co-occurring with nearly half of the fungal groups examined here. These findings from the network analysis agree with previous culturing work using challenge assays against fungi (synthesized in Woodhams et al., 2015) , such that those studies also find isolates belonging to Burkholderiales and Pseudomonadales highly represented amongst those that prove to be fungal inhibitors (for example, Janthinobacterium lividum and Pseudomonas veronii). For several other bacterial groups analyzed here, we know less about their ability to inhibit fungi from culture-based studies. Bacterial OTUs and their interactions with fungal OTUs are deposited in DRYAD. Positive associations between fungi and bacteria were most abundant in Actinomycetales and Sphingomonadales, bacteria that were most abundant on adult toads. Bacterial OTUs that associate positively with fungal groups are deposited in DRYAD.
Distribution of Bd-inhibitory OTUs across boreal toad life stages and environment
We identified bacteria in our data set with expected Bd-inhibitory function using a bioinformatics approach, including matching boreal toad sequences to a database of cultured isolates tested in vitro for ability to inhibit the growth of Bd (Woodhams et al., 2015) . We found that using direct sequence matches between cultures and next-generation sequencing or by matching next-generation sequences with an expanded list of Bd-inhibitory OTUs based on phylogenetic proximity provided similar results. Significant differences in Bd-inhibitory bacteria occurred among life stages of boreal toad and environmental samples. Specifically, tadpoles are enriched with Bd-inhibitory bacteria (Figure 5a ) and this is corroborated by a lack of fungi in 18S next-generation sequences from tadpoles ( Figure 1b and Supplementary Figure S4 ). Taxonomic groups including Burkholderiales, Actinomycetales, Pseudomonadales and Sphingomonadales were prevalent Bd-inhibitory bacteria (Figure 5b ) that were also negatively co-occurring with fungi in our network analysis (Figure 3b ). This information suggests that probiotic approaches to disease management (Harris et al., 2009; Bletz et al., 2013) have merit and that enrichment for Bd-inhibitory bacteria may be a host strategy to boost defenses against fungal pathogens, particularly during early developmental stages. Surprisingly we did not find Bd-inhibitory bacteria to significantly differentiate by Bd presence or absence at a site or by infection intensity. Selection for Bd-inhibitory bacteria may have been masked by overall skin variation in adults and juveniles. Beta diversity measure showed a large degree of within life stage variation for adults and juveniles (Figure 4, Supplementary Figure S3) . Small sample size of infected toads (N = 16) may have limited our ability to detect differences in bacterial OTUs that may correlate with infection. Last, other intrinsic factors, such as site effects, may have swamped out the finer details of Bd inhibition. We do, however, find higher levels of Bd-inhibitory bacteria in Chaffee County. This county still maintains several robust populations and thus is unique in Colorado.
The results of our study demonstrate that the skinassociated microbial communities of boreal toads are strongly dictated by developmental stage of the host, with site variation and Bd pathogen presence also as contributing factors. By examining both the bacterial and microeukaryotic members of the skin community, we have results that suggest that larval, early life stages of boreal toads rely heavily on the skin microbiome for reducing colonization of pathogens and 'undesired' microbes until the development of a more fully functioning adaptive immune system following metamorphosis. Thus the skin microbiome acts as an externally functioning immune partner during the early life stages of A. boreas. Several results from this study support this conclusion. First, analysis of similarity reveals tadpole skin communities have the least amount of within group variation and are distinct from other life stages (Figure 4, Supplementary Figure S2) . Second, Shannon diversity of both bacteria and fungi were lowest in tadpoles (Figures 2a and b) . Third, tadpole's communities are lacking in fungal taxa best explained by bacterial-fungal interactions (Figures 1b and 2b) . Fourth, bacterial OTUs that matched known Bd-inhibitory isolates were proportionally more abundant on tadpoles (Figure 5b) .
Novel strategies may be required to ensure the persistence of endangered Colorado A. boreas. Manipulations of skin microbial communities have been proposed as one possible tool, coupled with reintroductions to improve survival (Bletz et al., 2013) . We highlight taxa that associate with disease at sites, however experimental work is needed to confirm associations between host-associated microbial communities and disease. Understanding the relationships that have evolved between amphibians and their skin microbiota offers an opportunity to develop therapeutic tools for one of the world's most threatened taxa.
